We present the constraints on the helium abundance in 12 X-ray luminous galaxy clusters that have been mapped in their X-ray and Sunyaev-Zeldovich (SZ) signals out to 200 for the XMM-Newton Cluster Outskirts Project (X-COP). The unprecedented precision available for the estimate of 0 allows us to investigate how much the reconstructed X-ray and SZ signals are consistent with the expected ratio between helium and proton densities of 0.08-0.1. We find that an 0 around 70 km s −1 Mpc −1 is preferred from our measurements, with lower values of 0 as suggested from the Planck collaboration (67 km s −1 Mpc −1 ) requiring a 34% higher value of . On the other hand, higher values of 0 , as obtained by measurements in the local universe, impose an , from the primordial nucleosynthesis calculations and current solar abundances, reduced by 37-44%.
INTRODUCTION
Galaxy clusters form under the action of gravity by the accretion onto a dark matter halo of primordial gas, mostly composed by hydrogen and helium. During its hierarchical assembly, this intracluster medium (ICM) is heated up to temperatures of 10 7 − 10 8 K, making it an almost fully ionized plasma, which produces both X-ray emission through bremsstrahlung radiation and line emission, and a characteristic spectral distortion of the cosmic microwave background (CMB) signal due to inverse Compton scattering off the hot ICM electrons of the CMB photons, the so-called Sunyaev-Zel'dovich (SZ) effect (Sunyaev & Zeldovich, 1972 ) detected at microwave wavelengths.
In the ICM, the helium is fully ionized and not directly observable, and can be different from the primordial amount due to, e.g., release from stars, or sedimentation, mostly in cluster cores under the action of the gravitational force. if the suppression due to the magnetic field is modest, diffusion can occur and He (but not heavier metals like Fe) can drift inwards with typical velocity (e.g. Ettori & Fabian, 2006; Spitzer, 1956 ) sed = 1 2 3 th ∕( 2 1 2 2 1 ln Λ) ≈ 2 kpc / Gyr ≈ 2 km/s, where labels '1' and '2' identify the two populations of particles with atomic weight and atomic number , th = (2 ∕ 1 p ) 1∕2 is the thermal velocity in a plasma with temperature in hydrostatic equilibrium with gravitational acceleration . However, this effect can be significantly limited by the magnetic topology, plasma instabilities, gas mixing by mergers and turbulence. For instance, sed is well below the expected level of turbulence present in the ICM of few hundred km/s (see e.g. Hitomi Collaboration et al., 2018a; Sanders & Fabian, 2013) , making even more inefficient the process to sediment, even partially, into the cluster core and within the Hubble time. If helium sedimentation occurs, however, the expected impact is very limited: an enhancement by 10% of the helium abundance has been shown to affect only the metal abundances by 0.02-0.03 over the Hitomi SXS band (Hitomi Collaboration et al., 2018b) ; on the integrated quantities, like gas and total mass, an effect is potentially measurable only in very inner regions, and is negligible when large cluster's volume is considered (∼ 500 1 ; see e.g. Bulbul et al., 2011) .
In the X-ray spectral analysis, it is generally assumed that the helium abundance is equal to its primordial value. At the present, calculations on the Big Bang Nucleosynthesis (BBN) provides rigid predictions on this primordial value, because complementary measurements on, e.g., the number of light neutrino families, the lifetime of the neutron, the baryonic density of the Universe are now constrained at percent level, leaving no more free parameter in standard BBN. Hence, the calculated primordial abundances are in principle only affected by the moderate uncertainties in nuclear cross sections (see e.g. Pitrou, Coc, Uzan, & Vangioni, 2018) . These calculations predict BBN = He ∕ b = 0.2471 ± 0.0002.
Observational constraints on pristine abundances refer to classes of objects believed to be more primitive, where the metallicity is expected to be less polluted from subsequent enrichment processes by massive stars. For instance, 4 He abundance is estimated in HII (ionized hydrogen) regions inside compact blue galaxies, assumed to be the constituents of present-day galaxies in our hierarchical structure formation paradigm. By extrapolating the observed values in these metal poor regions to zero metallicity, = He ∕ b is measured to be 0.2449 ± 0.0040 (e.g. Aver, Olive, & Skillman, 2015) , well in agreement with BBN .
The helium abundance affects also the anisotropy in the cosmic microwave background at intermediate angular scales (1000 ≤ ≤ 3000), the so-called "damping tail" since the anisotropy power on these angular scales is damped by photon diffusion during recombination (Silk, 1968) . Planck Collaboration et al. (2018) discusses limits on the estimates of , also accounting for the partial degeneration induced from the relativistic degrees of freedom. These constraints are perfectly consistent with BBN , setting a scenario in which the primordial cosmic helium abundance is known at very high accuracy.
In this context, we investigate with the present study how the estimate of the He abundance affects the observed properties of the ICM, and which constraints we can put on it using the combination of the gas pressure profiles obtained for a well-selected sample of galaxy clusters with independent measurements of their X-ray and SZ signals, and a knowledge on the value of the Hubble constant.
The paper is organized as follows. In the next Section, we describe the method adopted to constrain the He abundance, and the observables used. We present our results in Section 3, drawing some conclusions in Section 4. Unless mentioned otherwise, the quoted errors are statistical uncertainties at the 1 confidence level, and the cosmological model of reference is a Λ with parameters 0 =70 km s −1 Mpc −1 and Ω m = 1 − Ω Λ = 0.3.
HE ABUNDANCE IN THE ICM
The helium affects the X-ray emission mainly through its contribution to the thermal bremsstrahlung (see e.g. Ettori & Fabian, 2006; Markevitch, 2007; Qin & Wu, 2000) . Following previous work, we define the ratio between the number densities of helium and protons = He p .
(1)
In the X-ray analysis, is generally fixed to a value that will depend on the abundance table of reference. In Fig. 1 , we show the comparison between the values of tabulated in the abundance tables available in the software adopted for our X-ray analysis (Xspec, Arnaud, 1996) 2 and the one from primordial nucleosynthesis, BBN = ( BBN ∕ He ) ∑ ∕ H = 0.0869, where we use BBN = 0.2471 (see previous Section) and the number densities, relative to hydrogen, tabulated in Anders & Grevesse (1989) with a metallicity of 0.3 (apart from H and He assumed to have a cosmic abundance). We note the different behaviour of two popular tables: while angr (Anders & Grevesse, 1989 ) has a value of (0.0977) about 12% higher of , aspl (Asplund, Grevesse, Sauval, & Scott, 2009 ) is well in agreement within 2% (0.0851). The X-ray brehmsstrahlung emissivity = e ∑ ( 2 )Λ( ), where e is the electron number density and Λ( ) is the cooling function that depends only on the gas temperature (less significantly moving to softer energy bands in the observer rest-frame; see e.g. fig. 2 in Ettori, 2000) , can be well approximated as produced mainly from nuclei of hydrogen and helium ( He = 2): ∝ e p (1 + 4 ) ∼ 2 p (1 + 4 )(1 + 2 ), where the relation e ∕ p = 1 + 2 holds. This approximation is reasonable because the contribution from other metals with atomic number ≥ 3 raises the value of (1 + 4 )(1 + 2 ) by about 3%.
Hence, for an observed X-ray flux ∝ 3 ∕ 2 , p scales as ℎ 0.5 [(1 + 4 ) 
is the luminosity distance that is proportional to the Hubble constant ℎ −1 , and is the proper radius equal to the angular scale times the angular diameter distance = ∕(1 + ) 2 . We can also write the dependence for the gas mass gas and the hydrostatic mass hyd (see e.g. Ettori et al., 2013) as
where is the mean molecular weight, with and being the mass fraction and atomic weight of element , respectively.
In these equations, we make also evident the dependence upon the Hubble constant ℎ ≡ ℎ 70 = 0 ∕(70 km s −1 Mpc −1 ), that is propagated through the radial dependence of these quantities and that will be useful to consider in the following analysis. In general, for a fixed value of 0 , the impact of changing the helium abundance is in the order of few percent (see Fig. 2 ).
Constraining with X-ray and SZ observations of the ICM
We discuss here how using the different dependence on = He ∕ p of the ICM pressure recovered, independently, from X-ray and SZ signal can constrain the helium abundance.
The X-ray pressure is the product of the spectral measurement of the gas temperature, e , by the electron density e estimated by the geometrical deprojection of the observed surface brightness ∝ ∫ e p (1 + 4 ) , that implies the following scaling: e,X ∼ deproj( ) 0.5 1 + 2 1 + 4 0.5 ℎ 0.5 .
The SZ pressure is obtained directly from the deprojection of the Compton parameter ∝ ∫ e e : e e ∼ deproj( ) ℎ.
FIGURE 2 Variations with of gas (blue dashed line), hyd (green solid line) and gas = gas ∕ hyd (red dotted line) for a fixed value of 0 . The vertical line indicates the helium abundance from angr, = 0.0977, with ±10% represented by the shaded area.
In both cases, indicates that the integration occurs along the light of sight and is thus proportional to the angular diameter distance and, hence, to ℎ −1 .
Under the assumption of spherical symmetry, and that the gas density reconstructed from X-ray is not affected from clumpiness (e.g. Nagai & Lau, 2011; Roncarelli et al., 2013) that might bias high its value, we can write the ratio between the two estimates of the pressure as 
The quantity = 0.5 ℎ 0.5 , where = (1+4 )∕(1+2 ), is then the one that we want to measure to constrain (as originally suggested by Markevitch, 2007) , also relying on independent measurements of the Hubble constant. In the present work, we adopt the following values (with relative uncertainties) for the Hubble constant: 0, = 67.4 ± 0.5 km s −1 Mpc −1 from the Planck measurements of the CMB anisotropies, combining information from the temperature and polarization maps and the lensing reconstruction, assuming a spatially-flat 6parameter ΛCDM cosmology (Planck Collaboration et Giant Branch (Freedman et al., 2019) , that provides a value of 0, = 69.8 km s −1 Mpc −1 , and a measurement of 0, = 73.3 km s −1 Mpc −1 that relies on the joint analysis of six gravitationally lensed quasars with measured time delays (Wong et al., 2019) , both with a relative uncertainty of ∼ 2.4-2.6 % (see further discussion in Verde, Treu, & Riess, 2019) .
It is worth noticing that, reversely, by assuming known , the method can be used to constrain 0 (e.g. Cavaliere, Danese, & de Zotti, 1979; Silk & White, 1978) as discussed recently in an extensive way by Kozmanyan, Bourdin, Mazzotta, Rasia, & Sereno (2019) .
CONSTRAINTS ON
In this section, we present the sample of galaxy clusters that we have analyzed to recover both and , and to constrain and hence = He ∕ p .
The X-COP sample
The XMM-Newton Cluster Outskirts Project (X-COP 3 , Eckert et al., 2017) is an XMM Very Large Program dedicated to 3 https://www.astro.unige.ch/xcop the study of the X-ray emission in cluster outskirts. It has targeted 12 local, massive galaxy clusters selected for their high signal-to-noise ratios in the Planck all-sky SZ survey (S/N> 12 in the PSZ1 sample, Planck Collaboration et al., 2014) as resolved sources ( 500 > 10 arcmin) in the redshift range 0.04 < < 0.1 and along the directions with a galactic absorption lower than 10 21 cm −2 to avoid any significant suppression of the X-ray emission in the soft band where most of the spatial analysis is performed. These selection criteria guarantee that a joint analysis of the X-ray and SZ signals allows the reconstruction of the ICM properties out to 200 (≈ 1.5 500 ) for all our targets. A complete description of the reduction and analysis of our proprietary X-ray data and of the Planck SZ data is provided in Ghirardini et al. (2019) (see also Eckert et al., 2019; . Here, we want only to remark that a proper treatment of the X-ray surface brightness profiles, accounting for the median of the distribution of the counts per pixel in a given radial annulus instead of the mean (e.g. Eckert et al., 2015; Zhuravleva et al., 2013) , guarantees in the X-COP analysis against a relevant contribution from clumped gas that might systematically bias the estimate of the gas density (Eq. 3).
Finally, we have to initialize our measurement of , by considering the conversion factors applied in our X-ray analysis, that is the only part in the calculation of where appears (see Eq. 3 and 4). As detailed in Ghirardini et al. (2019) , we consider a 30% solar abundance metallicity, as in Anders & Grevesse (1989) , to convert the emissivity e ∑ ( 2 ) to 1.7181 2 p , and a fixed relation e = 1.17 p , implying that = − 1.7181∕1.17 2 0.5 , where − = 0.9624±0.0013 (r.m.s. 0.0838; see Fig. 3 ) is the joint best-fit of the SZ and X-ray pressure profiles recovered for the X-COP sample. This joint fit mitigates any bias in the assumed spherical symmetry, in particular, of the SZ signal, where it is assumed that the line-of-sight gas distribution is the same as that in the plane of the sky. In the following analysis, we consider the error on the central value as statistical uncertainty of , whereas the dispersion around it indicates the limitations still present in our modelization of (see Sect. 4).
+ 0 : results on
From the measurements of obtained in the X-COP sample and the adopted values of 0 (see subsection 2.1), we can use Equation 5 to estimate = 2 ∕ℎ. We show the constraints on in Fig. 4 . Low values of , lower than the one (angr) adopted in the X-COP X-ray analysis seem to be preferred from high values of the Hubble constant. In particular, for 0, (74 km s −1 Mpc −1 ), = 0.055 ± 0.013, whereas for 0, (67.4 km s −1 Mpc −1 ), = 0.131 ± 0.008. These values should be compared with a cosmic value of = 0.0869 and = 0.0977 for the abundance table in angr.
FIGURE 4
Constraints on = 2 ∕ℎ, and relative uncertainties at 1 , assuming 0, (green area) and 0, (red area). The blue stars indicate the central value for the adopted value of in the X-COP X-ray analysis (angr: dashed line; cosmological value: dotted line). The black solid line represents = (1 + 4 )∕(1 + 2 ). The coloured arrows indicate the preferred values of for a given . High values of 0 tend to prefer low values of .
Reversely, fixing equal to the values from BBN, aspl, angr, we measure 0 = 70.9, 71.0, 69.9 km s −1 Mpc −1 , respectively, with a statistical error of 0.2 (12, when the scatter is considered) km s −1 Mpc −1 .
Corrections on the derived quantities
From Fig. 4 , we can derive, for each assumed value of 0 , the expected̄ and, then, the correspondinḡ . Thus, we can associate to a given 0 the correction which propagates to the gas mass and to the hydrostatic mass through , accordingly to the scaling presented in Eq. 2 and accounting for the dependence both on and on 0 . We show in Fig. 5 the total correction on these quantities. Overall, the corrections should be less than ∼ 15%, with lower tension (below 10%) obtained with 0, . Note that the estimated difference with respect to the reconstructed value of hyd is, in both cases, of few per cent and well below the hydrostatic bias measured by using weak lensing mass estimates.
We present also the correction propagated to the gas mass fraction gas = gas ∕ hyd through the scaling presented in FIGURE 5 Total corrections on gas , hyd and gas , assuming 0, (green squares) and 0, (red diamonds). The correction on the hydrostatic mass is compared with the measured tension with weak-lensing estimates for a subsample of 6 X-COP objects (for details, see .
Eq. 2. We can write this correction in a way similar to the form adopted to represent how the fraction of the non-thermal pressure with respect to the total one (and equivalent to the hydrostatic bias , when does not vary with the radius) propagates into the estimate of gas (see e.g. Eq. 8 in : 
where gas,obs is the observed gas fraction, gas,true is the expected "true" gas fraction, and gas,cor is the gas fraction after the correction by its dependence on the quantity and the Hubble constant ℎ (from gas and hyd in Eq. 2). In Fig. 6 , we show the constraints we obtain on . Once again, the expected (either cosmological or from the adopted solar adundance) helium density lies between the amount required from the considered 0 , with values of below the canonical range of 0.08-0.1 corresponding to 0 above 70 km s −1 Mpc −1 .
CONCLUSIONS
We have discussed the role of the helium abundance on the observed properties of the ICM in a well-selected sample of nearby massive galaxy clusters with independent X-ray and SZ measurements. We obtain that the present constraints on the Hubble constant require central values of = He ∕ p between 0.055
FIGURE 6
Constraints on (see Eq. 6). As in Fig. 4 , the assumed 0 is colour-coded (green: 0, ; red: 0, ). The blue stars indicate the central value for , to be compared with the value adopted in the X-ray analysis (angr, dashed line) and the cosmological value (dotted line).
(for 0, = 74 km s −1 Mpc −1 ) and 0.131 (for 0, = 67.4 km s −1 Mpc −1 ), that encompass the assumed value in the X-ray analysis ( = 0.0977 for the abundance table in Anders & Grevesse, 1989 ) and the cosmological one inferred from BBN ( BBN = 0.0869). In any case, values of 0 around 70 km s −1 Mpc −1 are preferred from our estimates of = ∕ = 0.5 ℎ 0.5 , with = (1 + 4 )∕(1 + 2 ), if has to lie around values of 0.08-0.1. While higher values of , requiring lower estimates of 0 , can be partially explained with an efficient process of sedimentation, a reduction of the helium abundance (implying 0 > 70 km s −1 Mpc −1 ) can be obtained by the action of thermal diffusion (e.g. Medvedev, Gilfanov, Sazonov, & Shtykovskiy, 2014) . On the other hand, magnetic fields and mixing effects of large-scale turbulence are known to play a role in shaping the ICM properties, also by reducing significantly the impact of the above mentioned processes. On the contrary, fixing to the values from BBN, Asplund et al. (2009) and Anders & Grevesse (1989) , we obtain 0 = 70.9, 71.0, 69.9 (1 error: 0.2; 12, when the scatter in the distribution of -see Fig. 3 -is propagated) km s −1 Mpc −1 , respectively.
A further improvement both on the statistical and systematic uncertainty of the estimate of will be obtained with larger samples of X-ray and SZ estimates of the ICM pressure with respect to the dataset of 12 values from the X-COP sample. One of these samples will be obtained by our dedicated XMM-Newton Heritage program 4 , that will enlarge by a factor of ∼10 the number of measurements of , allowing to reduce by √ 10 ∼ 3.2 the statistical error and to lower more significantly the impact of the assumed spherical geometry of the ICM distribution.
